degradation behavior of ASA remains unknown. The relationship between products and reaction parameters of pH, time, and temperature on the process of ASA degradation has few been reported.
The self-degradation behavior of ASA was investigated in this study. Formation of uncolored intermediate products (UIPs), BPs, and VPs and correlations with the kinetics of ASA degradation are discussed and a possible degradation mechanism and pathway of ASA is proposed.
Material and Methods
Reagents The analytical grade reagents ASA, Na 2 HPO 4 , NaH 2 PO 4 , NaOH and the guaranteed reagents meta-phosphate and methanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Standards for use as gas chromatography (GC) reference compounds were obtained from J&K China Chemical Ltd. (Shanghai, China). C 5 -C 22 n-alkanes were obtained from Pure Chemical Analysis Co., Ltd (Bornew, Belgium). Water was re-distilled before use.
Experimental procedure A model reaction system and pH values were used based on previous reports (19) (20) (21) . ASA (0.50 mmol) was dissolved in 10 mL of different buffer solutions adjusted to 4.5, 5. 8, 6.8, 8 .0, 9.5 pH using the solvents 0.20 M Na 2 HPO 4 , 0.20 M NaH 2 PO 4 , and 0.20 M Na 2 HPO 4 -NaH 2 PO 4 with a pH meter (PB-21; Sartorius AG Inc., Beijing, China). Reactants were sealed in 15 mL Synthware ® pressure glass vials (Beijing Synthware Glass, Inc., Beijing, China) and heated with stirring (DF-101S; Shanghai Qiang Qiang Equipment Co., Ltd., Shanghai, China) at different temperatures and times in a heated oil bath (4, 20) . Temperatures and times ranged from 110 to 150 o C and from 10 to 150 min, respectively. The reactor was removed from the heated oil bath and immersed in an ice water bath to stop the reaction when the desired reaction time had elapsed. Experimental errors were estimated at least in triplicate under identical conditions, and each data point was reported as a mean value of 3 experimental results.
Measurement Methods
Determination of the ASA concentration: The ASA concentration in solution was determined based on reverse phase (RP) HPLC using a model 1260 apparatus (Agilent, Santa Clara, CA, USA), equipped with a UV diode array detector and a C 18 column (3.5 µm, 4.6 mm i.d.×100 mm). Detection conditions were mobile phase elution composed of 0.1 weight percent (wt. %) water/methanol/meta-phosphate using gradient elution mode (21) . The flow rate was 1.0 mL/min, the column temperature was 30 o C, the injection volume was 10 µL, and the detection wavelength was 243 nm.
ASA was quantified based on an external standard procedure (21) using a calibration curve of ASA standard sample (correlation coefficient, R 2 =0.9998). Each data point was reported as a mean value of 3 experimental determinations. Experiments are carried out at least in triplicate with a relative standard deviation (RSD) less than 4.5%.
Measurement of UIPs and BPs:
The UV absorbance and browning of model reaction solutions were measured following a previous method (21) . UV absorbance and browning intensity of model reaction solutions were measured at ambient temperature at 294 (22, 23) and 420 nm (24) respectively, using a Cary300 spectrophotometer (Shimadzu Co., Ltd., Kyoto, Japan). In order to obtain the highest optical density value, dilutions of 30x-100x/0x-25x were prepared. Experiments were carried out in triplicate. Average RSD values were 4.7 and 4.3% at 294, 420 nm respectively. Final absorbance values at 294 and 420 nm were actual absorbance values multiplied by dilution factors of 30x-100x/0x-25x.
Identification and quantification of VPs using headspace-solidphase micro-extraction (SPME)-GC-MS Quantitative and qualitative analyses were performed using a 6890N GC apparatus (Agilent) and an Agilent 6890N-5975i GC-MS apparatus, respectively. VPs were analyzed using headspace-SPME-GC-MS spectrometry following previously reported conditions (5) for degradation of ASA. VPs were extracted using headspace-SPME equipped with Carboxen/Polydimethylsiloxane (CAR/PDMS) (75/30 µm thickness) (Supelco, Bellefonte, PA, USA) (25) (20) (21) (22) . Linear retention indices (LRI) were calculated based on detection of C 5 -C 22 n-alkanes under the same chromatographic conditions and were used to identify detected compounds. The transfer line to the mass spectrometer was maintained at 280 o C. Mass spectra were obtained using a mass selective detector with a 70 eV electronic impact, a 1,753 V multiplier voltage, and a 1 scan/s data collection rate over an m/z range of 30-400 amu. VPs were identified based on comparison of mass spectra with spectra in the NIST Chemistry Web Book and Wiley 275 libraries (19, 20) . Similarly, authentic samples were, as far as possible, obtained from the abovementioned drug companies for determination of the exact class of VPs based on comparison of LRI values.
Kinetic modeling Previous reports of traditional kinetics theory used in food chemistry studies exist (26) (27) (28) . In a closed system with only 1 compound reacting, disappearance of a compound would follow Eq. (1):
The decreasing concentration of A over time t is related closely to the concentration of the reacting component, where k is the reaction rate constant and n is the reaction order, which usually ranges from 0 to 2. Considering the effects of variant parameters and integration of different equations to the proper order with respect to time, the zero-order reaction would be:
Eq. (2) The first-order reaction would be:
The second-order reaction would be:
Statistical analysis Data were obtained based on experiments carried out at least in triplicate with RSD within 5.0% in order to control the correlation coefficient (R 2 )>0.99. All data were processed using Microsoft Office 2010 and Orgin 7.5.
Results and Discussion
Initial pH change for degradation of ASA The initial pH change for
ASA degradation at 140 o C for different time, which time ranges from 20 to 150 min, is shown in Fig. 1 . It's implied that the pH value changed during a long reaction time. When the initial pH>7.0, such as at 8.0 or 9.5, the pH would drop to near to 7.3 with an increasing time. When initial pH<7.0, especially at 6.8, a change of pH was small. As pH is 4.5, when the time ranged from 0 to 40 min, the pH value increased. Although the solution pH had been adjusted using a buffer solution, the pH of the reaction solution was affected by degradation products generated from ASA once the reaction began.
Effects of temperature, time, and pH on degradation of ASA Effects of temperature, time, and pH on ASA degradation were analyzed. Reaction temperatures were 110, 120, 130, 140, and 150 o C and reaction times ranged from 0 to 150 min at initial pH values of 4.5, 5.8, 6.8, 8.0 and 9.5 adjusted using buffer solutions and measured at ambient temperature.
The concentration of ASA decreased with an increasing reaction time under different temperatures and pH values (Fig. 2) . When the initial pH value was 4.5, the decrease in the ASA concentration was larger than for other pH values (Fig. 2B, 2C , 2D, and 2E) except for a pH value of 6.8 ( Fig. 2A) . When the temperature was low at 110 o C ( Fig. 2A) , the decreasing concentration of ASA was smaller than other temperature, especially when the initial pH was 8.0 or 9.5. As time reached 150 min, concentrations of ASA were 7.410 and 7.584 mg/mL for initial pH values of 8.0 and 9.5, which were less than the values of the primary ASA concentration of approximately 8.820 mg/ mL. When the temperature changed from 120 to 150 o C, the effect of pH=4.5 was strongest with a lesser effect at pH=5.8 and a weak effect at pH=9.5. The decreasing rate of the ASA concentration increased as the reaction time increased and the temperature increased at different pH values. When the pH value was 4.5, the concentration of ASA ranged from 7.755 to 1.275 mg/mL. When the pH value was 9.5, the concentration of ASA changed from 8.808 to 6.245 mg/mL at 120 o C (Fig. 2B) . However, primary regions of changes were from 5.635 to 0.030 mg/mL and 7.695 to 0.474 mg/mL at pH values of 4.5 and 9.5 at 150 o C, respectively, (Fig. 2E) . When the reaction time was long enough, the curve of the decreasing ASA concentration became smoothly.
Both a change in temperature and a change in the primary pH value of the solution can account for these results. With an increasing temperature, the environment of the solution changed (29) and as temperature increased, the pKa value declined to less than the value under ambient temperature. Therefore, at 150 o C, the concentration of ASA decreased faster than under other temperatures for the same time period.
For the primary pH value, the environment of the solution changed as the reaction proceeded (26) . Although the primary pH value of the solution was adjusted using a buffer solution, the pH value of solution changed due to degradation of ASA (Fig. 1 ). Martins and Boekel (26) reported that the pH value would change when the primary solution pH>7.0. In this study, when the primary pH=9.5, as time elapsed the pH value of the solution was <8.0 at 140 o C, while the pH value of the solution was not seriously influenced when the primary pH ranged from 4.5 to 5.8 ( Fig. 1) .
In an acidic environment the stability of ASA changes, which would be the situation with fluctuation of the pH value. Xie (30) reported that the concentration of ASA decreased fastest at pH=4.0, and when the solution pH ranged from 2.2 to 6.0, ASA would mostly be degraded to dioxide and furaldehyde. Thus, degradation of ASA was strongly influenced by the solution pH and the reaction temperature. High temperatures and low pH values promoted degradation of ASA. Fig. 3 . The concentration of ASA decreased and the absorbance of UIPs and BPs increased at both temperatures and different pH values. It's suggested higher temperature and lower pH intensified degradation of ASA (Fig. 2) . When the pH was 4.5 ( Fig. 3A) with a reaction time of 10-150 min, the absorbance value at 294 nm (A 294 nm ) increased from 2.80 to 13 Based on mutative tendencies of A 294 nm and A 420 nm values and decreasing ASA concentrations under experimental parameters (time, temperature, and pH) (Fig. 3) , absorbance values of UIPs were higher than values of BPs, which also indicates that the A 294 nm value was much higher than the A 420 nm value as ASA was consumed. Based on an ASA degradation mechanism (4, 31, 32) and results reported herein, ASA first degrades to UIPs, which are generally used to determine intermediate compounds in the non-enzymatic browning reaction (33) . When the concentration of UIPs is high enough, BPs can be generated so that UIPs would be regarded as precursors of BPs (34) . The solution color became a much darker brown when the reaction lasted for a long time in this study.
Correlations between absorbance values of UIPs and
VPs from degradation of ASA VPs formed during degradation of ASA were studied using headspace-SPME-GC-MS spectrometry with experimental parameters for ASA degradation of 150 o C and 120 min under pH values of 4.5, 5.8, 6.8, 8.0 and 9.5. The total ion peak area of volatility is shown in Table 1 .
VPs formed during ASA degradation were influenced by the initial pH, revealing that the mechanism of ASA degradation was dependant on reaction parameters. Under acidic conditions, especially at pH=4.5, VPs from ASA degradation were mainly furfural. However, with an increasing pH, less and less furfural was generated. When pH ranged from 6.8 to 9.5, there was no furfural identified. The VPs 2-methyl-furan and 2-acetyl-5-methyl-furan were generated under alkaline conditions. However, some VPs would easily auto-react or react with other products under alkaline conditions in solution. VPs varieties were reduced in diversity and yields were higher under an acid environment, contrary to an alkaline environment (Table 1) . The rate constant k increases with an increasing reaction temperature under different pH values. The 2 factors for ASA degradation were reaction temperature and solution pH. With an initial solution pH value of 4.5, 5.8, 6.8, 8.0 and 9.5 using a buffer, the system environment would change for initiation of the reaction. In water, the solution pH is changed when the temperature increases (29) . Thus, the effect of temperature was dominant for ASA degradation in the reaction system (Table 2) . Therefore, ASA degradation followed the classic Arrhenius formula (26) (27) (28) .
Based on a first order model of ASA degradation, the fitting lnk vs. 1/T under different pH values was studied. The activation energy (Ea) of ASA degradation was estimated on the basis of an Arrhenius relationship described in Eq. (5).
Eq. (5)
Based on fitting lnk vs. 1/T, an initial solution pH of 6.8 was best for promotion of ASA degradation with the activation energy (Ea) of 46.88 kJ/mol. The influence of other pH values was inferior for ASA degradation. When the pH was 4.5 or 9.5, Ea values was 77.79 and 93.33 kJ/mol, respectively. Based on kinetic modeling, the appropriate pH was 6.8 for self-degradation of ASA. Degradation mechanism of ASA A possible ASA degradation mechanism and pathway are shown in Fig. 4 . The degradation mechanism of ASA was investigated based on qualitative analysis of VPs ( Table 2 ). The presence of an adjacent second enol structure causes ASA to easily oxidize and decompose. Firstly, ASA oxidizes into dehydro-ascorbic acid (DHASA), then DHASA hydrolyzes and the ring cleaves into 2, 3-diketone-1-guloacid, which decomposes into aldopentose, and converts into 1-deoxypentosone via isomerization, and 1-deoxypentosone decomposes into minor products. Final products would vary under different initial solution pH values. Under alkaline conditions, 2-methyl-furan, 2, 4-dimethyl-furan, 2-acetyl-5-methyl-furan, and 2-methyl-2-cyclopenten-1-one are the main products, which are UIPs. Under acidic conditions, furfural and derivatives of furan are the main products. Derivatives of furan are 2, 2-methylenbis-furan, 2-methyl-furan, and 2, 4-dimethyl-furan, which are UIPs that eventually polymerize into BPs to cause the solution to become dark and directly affect the nutritional quality of food. The proposed ASA degradation mechanism and pathway showed that the process of ASA degradation is complicated. Further study is required for a better understanding. 
